Fresh produce is known to carry nonpathogenic epiphytic microorganisms. During agricultural production and harvesting, leafy greens can become contaminated with antibiotic-resistant pathogens or commensals from animal and human sources. As lettuce does not undergo any inactivation or preservation treatment during processing, consumers may be exposed directly to all of the (resistant) bacteria present. In this study, we investigated whether lettuce or its production environment (irrigation water, soil) is able to act as a vector or reservoir of antimicrobial-resistant Escherichia coli. Over a 1-year period, eight lettuce farms were visited multiple times and 738 samples, including lettuce seedlings (leaves and soil), soil, irrigation water, and lettuce leaves were collected. From these samples, 473 isolates of Escherichia coli were obtained and tested for resistance to 14 antimicrobials. Fiftyfour isolates (11.4%) were resistant to one or more antimicrobials. The highest resistance rate was observed for ampicillin (7%), followed by cephalothin, amoxicillin-clavulanic acid, tetracycline, trimethoprim, and streptomycin, with resistance rates between 4.4 and 3.6%. No resistance to amikacin, ciprofloxacin, gentamicin, or kanamycin was observed. One isolate was resistant to cefotaxime. Among the multiresistant isolates (n ‫؍‬ 37), ampicillin and cephalothin showed the highest resistance rates, at 76 and 52%, respectively. E. coli isolates from lettuce showed higher resistance rates than E. coli isolates obtained from soil or irrigation water samples. When the presence of resistance in E. coli isolates from lettuce production sites and their resistance patterns were compared with the profiles of animal-derived E. coli strains, they were found to be the most comparable with what is found in the cattle reservoir. This may suggest that cattle are a potential reservoir of antimicrobial-resistant E. coli strains in plant primary production.
T
he emergence, propagation, accumulation, and maintenance of strains of antimicrobial-resistant (AR) pathogenic bacteria have become a worldwide health concern in human and veterinary medicine (1, 2) . The rise of antimicrobial resistance is due to the use of antimicrobials for the treatment of human, animal, and plant diseases (3) (4) (5) . The use of antimicrobials selects for resistance not only in pathogenic bacteria but also in commensal bacteria (6) . As a result, the commensal population of an individual gives a good reflection of the selective pressure exerted by the use of antimicrobial agents in that population's environment (7) . By using indicator bacteria, misjudgment or overestimation of resistance levels may be minimized (7, 8) . Moreover, these commensal bacteria may serve as a source of resistance genes that can easily be transferred to pathogens. Therefore, the level of antimicrobial resistance in Escherichia coli is a useful indicator of resistance levels expected in pathogenic bacteria (6, 9) . AR bacteria and antimicrobial resistance genes can be exchanged between the animal reservoir and the human reservoir (7, 10, 11) . This can be a consequence of direct contact with animals or their environment or through indirect contact through the food chain (12) .
Many studies of the presence of antimicrobial resistance in several animal-producing environments such as sheep, cattle, swine, or broiler farms have been conducted (13) (14) (15) (16) (17) (18) (19) (20) (21) . However, only a few publications are available about studies of whether vegetables or the environment where they are produced can act as a carrier or reservoir of antimicrobial resistance (22, 23) .
Fresh vegetables normally carry natural nonpathogenic epiphytic microorganisms, but during growth and harvesting, produce can be contaminated with pathogens or commensals from animal and human sources (24) (25) (26) . Contamination of produce can occur in the field by contaminated soil, by exposure to contaminated water (e.g., by crop irrigation, application of pesticides, or flooding) or by deposition of feces by livestock or wild animals (27) (28) (29) (30) (31) (32) . Fecal bacteria are able to survive for extended periods in soils (33) , manure (34) (35) (36) , and water (25, 37) and thereby provide a potential inoculum for contamination.
As lettuce is grown close to the soil, it has more of a chance to get contaminated than vegetables that grow above the soil (38) . Furthermore, as lettuce does not undergo any inactivation or preservation treatment during processing, consumers may be exposed directly to all of the (resistant) bacteria present. Therefore, the aim of this study was to check whether lettuce or the environment where it is produced is able to act as a vector or reservoir of AR bacteria.
MATERIALS AND METHODS

Collection of samples.
Between April 2011 and September 2012, three different crop production cycles of lettuce (Lactuca sativa L. var. capitata) were followed in four open-air and four greenhouse production systems in Belgium. At none of the farms was animal production present. Within each crop production cycle (ca. 5 to 14 weeks), the production system was sampled four times. The first sampling took place at the start, during the planting of lettuce seedlings. Samples of seedlings (n ϭ 9) and field soil (n ϭ 9, 200 g each) were taken at that time point. The leaves of the nine seedling were separated from the peat soil and pooled as one sample of seedling leaves. The nine peat soil samples were separated into sets of three for analysis. The other three sampling times were during the cultivation of the lettuce and approximately 2 weeks before, 1 week before, and during harvesting of the lettuce crop. At each of these sampling times, lettuce leaves (n ϭ 9), the surrounding soil (n ϭ 9 200-g samples), the source of the irrigation water (n ϭ 1 1-liter sample), and if possible, the irrigation water itself (at the tap) were sampled (n ϭ 1 1-liter sample). Six farms used collected rainwater stored in an open well, and two farms used bore hole water. Lettuce (n ϭ 9 plants) and the surrounding soil (n ϭ 9 200-g samples) were collected with disinfected gloves, and the nine samples were transferred directly into sterile bags. Water samples were collected in accordance with ISO 19458:2006 (39) . All samples were stored and transported to the laboratory at 4°C, where further handling and isolation of E. coli were conducted within 4 to 24 h.
Enumeration or detection, isolation, and identification of E. coli. Before analysis, nine lettuce plants and the surrounding soil were randomly separated into sets of three to obtain three pooled samples for analysis of E. coli. For the enumeration of E. coli bacteria in the pooled soil (and pooled peat soil) samples or pooled lettuce leaves (and seedling leaves), 10 g of soil or lettuce leaves was weighed in a stomacher bag and homogenized for 1 min in 90 ml of peptone. RAPID'E. coli 2 Agar (BioRad, Hercules, CA), a selective chromogenic medium, was used for the enumeration of E. coli (incubation at 44°C for 24 h) (40) . In parallel, 25 g of the pooled sample was also weighed in a stomacher bag and homogenized for 1 min in 225 ml of buffered peptone water and incubated at 37°C for 20 h for the enrichment of E. coli.
The E. coli bacteria in 100 ml of each irrigation water sample collected (at the source or at a tap) were enumerated according to ISO 9308-1:2000 (i.e., membrane filtration of 100 ml), with the exception that the more selective RAPID'E. coli 2 Agar chromogenic medium was used instead of Tergitol 7 medium (40, 41) . The ISO 9308-1:2000 standard Tergitol 7 medium used in preliminary trials was not selective enough to suppress competitive flora in the (surface) water, which interfered with reliable enumeration of typical E. coli colonies. At the same time, 1 liter of water was filtered and the filters were incubated in 100 ml of buffered peptone water and incubated at 37°C for 20 h for the enrichment of E. coli.
The incubated RAPID'E. coli 2 Agar chromogenic medium was investigated for typical E. coli colonies, and a maximum of three colonies of each sample were selected from the plate. The isolates were tested by indole and oxidase tests for biochemical confirmation of E. coli. Only if no typical colonies were detected by the enumeration method (limit of detection, 10 CFU/g), E. coli colonies were isolated from the buffered peptone water enrichment by means of four-by-four streaking (20 l) on RAPID'E. coli 2 Agar chromogenic medium.
The collected E. coli colonies (346 isolates obtained by the enumeration method, 253 colonies obtained by the detection method) were stored on Trypticase soy agar slants at 4°C until they were tested for antimicrobial susceptibility.
Antimicrobial susceptibility testing. Antimicrobial susceptibility testing was carried out by the Kirby-Bauer disk diffusion method on Mueller-Hinton agar plates as recommended by the Clinical and Laboratory Standards Institute (42) . The antimicrobials tested were (abbreviations and amounts are in parentheses) amoxicillin-clavulanic acid (AMC; 20/10 g), ampicillin (AMP; 30 g), cefotaxime (CEF; 30 g), cephalothin (CEP; 30 g), chloramphenicol (CLR; 30 g), ciprofloxacin (CIP; 5 g), gentamicin (GEN; 10 g), kanamycin (KAN; 30 g), nalidixic acid (NAL; 30 g), streptomycin (STR; 10 g), sulfonamides (SULFA; 240 g), tetracycline (TET; 30 g), and trimethoprim (TRIM; 5 g). After 18 h of incubation, the E. coli isolates were classified as susceptible or resistant according to the clinical interpretative criteria recommended by CLSI (43) . In order to dichotomize the antimicrobial resistance results, isolates with intermediate susceptibility were considered resistant. A total of 599 E. coli colonies were tested for antimicrobial susceptibility. When E. coli isolates from the enrichment sample were included for antimicrobial susceptibility testing (only when no E. coli bacteria could be enumerated), the isolated E. coli colonies could have originated from the same strain. In that case, only E. coli isolates with different antimicrobial resistance patterns were included in the results (44) . This resulted in a total of 473 colonies (Table 1) .
SPSS statistics 20 and Microsoft Excel were used for statistical analysis. The 2 test was used to analyze differences in the frequency of resistance between isolates obtained from greenhouses, those from open-air farms, those from different farms, and those from different samples. Because of the low prevalence of antimicrobial resistance among the E. coli isolates, logistic regression did not provide any additional output.
RESULTS
Prevalence of E coli. From April 2011 to December 2012, 740 samples were collected, 57 seedling peat soil samples, 23 seedling leaf samples, 264 lettuce samples (792 samples separated into sets of three), 276 soil samples (828 samples separated into sets of three), and 120 irrigation water samples (Table 1 ). E. coli bacteria were enumerable in almost all of the samples (56/57) of seedling peat soil, whereas E. coli was present at levels of Ͼ10 CFU/g in approximately 37% of the soil samples. E. coli bacteria were enumerated (Ͼ1 CFU/100 ml) in 60% of the irrigation water samples (11.1% [4/36] of the groundwater and 79.8% [67/84] of the openwell water samples). The lowest proportions of samples exceeding 10 CFU/g E. coli were found in the lettuce leaves (5%) and seedling leaf samples (4%). Thus, overall, significantly more samples for E. coli enumeration were found among the environmental samples (soil and water) than among the food crop samples (lettuce leaves and seedlings) (P Ͻ 0.05).
This resulted in a total of 473 E. coli isolates obtained from the a Proportion of samples exceeding the detection limit for enumeration of E. coli (50 CFU/g or 0.7 log CFU/g for solid samples and 1 CFU/100 ml or 0 log CFU/100 ml for water samples).
738 samples gathered during the sampling period, with 66 isolates from seedling peat soil, only 3 isolates from seedling leaves, 171 isolates from surrounding soil, 161 isolates from irrigation water, and 72 isolates from lettuce leaves ( Table 1) . Antimicrobial susceptibility. The results of in vitro susceptibility testing of all of the E. coli isolates from different sources are shown in Table 2 . No distinction is made between the different sources of water because of the low prevalence of resistance (openwell water, 8.4%; groundwater, 5.6%). Fifty-four (11.4%) of 473 isolates were found to be resistant to one or more of the antimicrobial agents tested. Only 1 of the 473 isolates was resistant to NAL, and another 1 was resistant to CEF. Resistance to AMP was more common (7% in all of the groups). The prevalence of AMC, CEP, TET, and TRIM resistance was between 4 and 4.5%, followed by the prevalence of STR (3.6%), SULFA (3.0%), and CLR (1.9%) resistance. There were no E. coli isolates with reduced susceptibility to the aminoglycosides amikacin (AMI), KAN, and GEN and the quinolone CIP.
Of the 54 AR E. coli isolates, 37 were found to be multiresistant (Table 3) . AMP resistance was present in approximately 75% of the multiresistant isolates. AMC and CEP accounted for approximately 50%. The most frequently observed pattern found in the multiresistant isolates was the combination of AMC, AMP, and CEP resistance (n ϭ 9) ( Table 3) . Four isolates were resistant to seven antimicrobial agents.
A significant difference in antimicrobial resistance was observed between E. coli isolates obtained from soil, water, and lettuce in greenhouse farms and those obtained from open-air farms (percentages of resistant isolates, 13 and 8.9% in greenhouse and open-air farms, respectively; P Ͻ 0.05). A difference was also observed in the prevalence of antimicrobial resistance in seedling peat soil E. coli isolates from greenhouse farms (27.8%) and those from open-air farms (3.3%). The prevalence of resistant isolates was significantly higher on lettuce leaves (22.2%) than in the surrounding soil (8.8%, P Ͻ 0.05) or in irrigation water (7.5%, P Ͻ 0.05).
DISCUSSION
In the present study, E. coli was isolated from both environmental (water and soil) samples and food samples (lettuce leaves) taken at the primary-production stage during multiple farm visits at various points in the lettuce crop cycle throughout the year. This is in contrast to the majority of studies on antimicrobial resistance in E. coli that have used isolates obtained from fecal samples at animal production facilities or from food of animal origin. The presence of elevated numbers of E. coli bacteria in vegetable food products is an indicator of improper sanitary treatment and fecal contamination with an increased probability of having zoonotic pathogens present (45, 46) . Lettuce farms try to restrict the presence of E. coli in irrigation water, in planting soil, and on the marketable lettuce crop by using "good agricultural practices" (47, 48) . This might explain why no E. coli bacteria could be enumerated in the majority of the samples (67% of all samples) and in 95% of the lettuce samples (Ͻ10 CFU/g or Ͻ1 CFU/100 ml). This is in agreement with other publications reporting E. coli enumeration prevalences of only 0.3% (49), 1.6% (50), and 8.2% (51) on all kinds of different fresh vegetables, such as lettuce, tomatoes, and onions. Significantly more samples with higher E. coli levels (Ͼ10 CFU/g) were obtained from open-air farms than from greenhouse farms. This could be expected, as greenhouses are more isolated from environmental influences that can cause contamination. In particular, if vegetables are grown in open fields next to an animalrearing operation, there is the possibility that produce will be contaminated by animals (52) . Possible fecal (and thus E. coli) contamination is further enhanced by precipitation and runoff water from neighboring (pasture) fields along with possible flooding of the field with contaminated surface water (53) (54) (55) . Notwithstanding the more frequent isolation of enumerable E. coli in samples from open-air farms, the antimicrobial resistance rate was significantly lower in E. coli isolates from open-air samples (17%) than in those from greenhouse samples (30%) (P Ͻ 0.05). This could be attributed to the finding that the number of resistant E. coli isolates was significantly higher in the seedling peat soil used in the greenhouses (P Ͻ 0.05). Almost 40% of the E. coli isolates from the seedling peat soil samples used to set up the lettuce crop production in the greenhouses was shown to carry antimicrobial resistance genes, compared to only 3% of the E. coli isolates from the peat soil of seedlings being used for open-air farms (P Ͻ 0.05). The reason for this increased percentage of resistant E. coli isolates is unclear, as no significant difference in the enumeration of E. coli between the different nurseries that produced the seedlings (peat soil) was observed (P Ͼ 0.05). The most plausible reason could be the use of a different fertilizer. Fertilizer is known to contain large amounts of antimicrobial resistance genes (56) , and manure management influences the environmental fate of the resistance (57) . For example, high-intensity management (amending, watering, and turning) is more effective in reducing the prevalence of antimicrobial resistance genes than low-intensity management (no amending, watering, or turning) (58) .
No difference in antimicrobial resistance rates between greenhouses and open-air farms was observed in E. coli isolates obtained from soil and irrigation water samples (P Ͼ 0.05). A significantly higher number of AR E. coli isolates was retrieved from lettuce leaves than from soil or irrigation water (P Ͻ 0.05). It is remarkable that although lettuce leaves had far fewer isolates than either soil or water samples, the proportion of resistant E. coli was much higher. A potential explanation might be that the susceptible isolates from soil and water were all clonal and diluted the percentage of resistant isolates. Further research on this topic would be very valuable, as it might help to find out which processing steps and/or environmental factors have a major effect on the prevalence of resistant bacteria.
The E. coli contamination of a lettuce primary-production environment is complex, as there is usually no direct contact with farm animals (there were no farm animals present on the lettuce production farms sampled in the present study). E. coli is established as a fecal contaminant of zoonotic origin in the lettuce primary-production environment, and it is known that overall cattle, swine, broilers, and wild animals show higher prevalences of (multiple-)AR E. coli strains (Table 4 and Fig. 1 ) than the overall low prevalence of AR E. coli isolates obtained in the present study (11.4%). This lower level of resistance may be the result of reversibility of antimicrobial resistance or negative selection toward multiresistant plasmids in the absence of the antimicrobial pressure or a dilution (15, 44, (59) (60) (61) .
The present study confirmed previous results stating that AR bacteria may be present on vegetables. However, in most cases, a direct comparison of studies is difficult because of the different types of samples involved, the different scopes of bacterial species targeted, the different methods of strain isolation used, or the different antimicrobials tested (12, 44, 49, (62) (63) (64) . The results of the present study can only be compared to the few other studies that focused on antimicrobial resistance testing of Enterobacteriaceae isolates from fresh vegetables (44, 49, 63) . For example, Osterblad et al. (44) and Schwaiger et al. (49) found, in agreement with the present study, no AMI, GEN, or CIP resistance in Enterobacteriaceae isolates from fresh vegetables. In this study also, only one isolate was resistant to NAL, which corresponds to the 100% susceptibility detected by Osterblad et al. (44) . Hassan et al. (63) also observed low resistance to KAN in E. coli isolates from fresh vegetables. In this study, the highest antimicrobial resistance rates were observed for AMP, AMC, CEP, STR, TET, TRIM, and SULFA. This corresponds to other studies that showed, in general, the highest levels (if tested) of resistance to those antimicrobials. Only with sulfamethoxazole-trimethoprim (SXT) and STR were highly variable resistance results obtained; the resistance rate was quite high (50%) in some cases and low (0%) in others (44, 49, 63) . In recent studies, a high prevalence of resistance to the thirdgeneration cephalosporin CEF (49, 63) was observed, in contrast to this study, where only one isolate showed resistance.
The results of the present study on the antimicrobial resistance of E. coli isolates obtained from the plant primary-production side were compared to other Belgian data available for antimicrobial resistance rates of E. coli isolates from animal production sources such as poultry, cattle, pig, and hares, as well some available data from E. coli isolates obtained from surface water (Table 4) (60, 65, 66) . Antimicrobial resistance varied greatly among the different sources of E. coli isolates. The antimicrobial resistance of commensal E. coli is the highest in poultry, followed by pigs and cattle. Veal calves showed remarkably higher resistance than cattle, with resistance percentages similar to those of pigs and for some comparable to those of poultry. The resistance pattern of the plant production environment was closest to that of cattle isolates, as the highest antimicrobial resistance rates were also noted for AMP, STR, TET, TRIM, and SULFA. In comparison to the E. coli strains isolated from animal production facilities, E. coli strains isolated from the vegetable production chain had a lower overall rate of resistance to almost all of the antimicrobials investigated, which has also been noted by others (44, 49) . Because of the EU ban in 1994, CLR has not been used in nearly 20 years in EU member states, including Belgium (49, 67, 68) . However, the percentages of E. coli isolates from both animal production (14 to 50%) and plant production facilities, as established in the present study (2%), that showed CLR resistance were still remarkable. Also, the study of Osterblad et al. (44) noted CLR resistance in 12% of the Enterobacteriaceae isolates obtained from vegetables.
The percentage of resistance to multiple antibiotics occurring among E. coli isolates was lower than in other publications involving E. coli isolates from a variety of animal species. Furthermore, depending on the animal species, a different multiresistance pattern was observed (15, 18, 60, 65, 66, 69) (Fig. 1) . When the resistance patterns were compared with animal profiles, the closest resistance pattern found was that of cattle. This may suggest that cattle are a potential reservoir of AR E. coli strains in plant primary production.
Raw foods of animal origin, often studied and known to carry antibiotic-resistant commensal E. coli or zoonotic pathogenic bacteria, are most of the time heat treated or subjected to an equivalent processing technique to inactivate microorganisms before consumption. The transfer of AR bacteria in those types of foods to humans is probably minimal (70) . Exposure is still possible because of cross-contamination in the kitchen (71) . However, the present study and also other studies have revealed an antibiotic resistance pool in food-borne commensal bacteria in many readyto-consume food products (23, 49, 72) . Because many of these foods (including fresh produce such as lettuce) are directly consumed without further processing, AR bacteria can be directly transmitted to humans through daily food intake (70) . As there is a potential to pass resistance to other bacteria, including those normally present in the human gastrointestinal tract, ready-to-eat foods such as fresh produce may serve as a vehicle for expanding the pool of antibiotic resistances available to (pathogenic or other) bacteria inhabiting humans (72) . If these resistance genes are transferred to human-pathogenic bacteria, infections may become more difficult to treat. Although assessments of exposure to AR E. coli through the consumption of meat (via undercooking or cross-contamination) have been published (71, 73) , transmission via vegetable consumption has not been considered because of a lack of data on the prevalence of resistant E. coli in vegetable production. The present study can fill this data gap.
Conclusion. This study determined the presence of AR E. coli on vegetables and in a vegetable production environment, illustrated by the case study of lettuce. It proved that vegetables may act as a reservoir and vector of antimicrobial resistance. It can be highlighted that E. coli isolates from the lettuce crop showed a higher antimicrobial resistance rate than those from soil or irrigation water samples. The percentage of multiresistance to antibiotics among the E. coli isolates in the present study is lower than that in other publications involving E. coli isolates from a variety of animal species. The antimicrobial resistance patterns suggest cattle as the main source of commensal resistant E. coli contamination, as the presence of resistance and resistance patterns with animal profiles are the most comparable to what is found in cattle. Because fresh produce such as lettuce is directly consumed with-out further microbial inactivation treatment, it may contribute directly to human exposure to AR bacteria. This study emphasizes the need for "good agricultural practices" to keep fecal contamination and E. coli levels low, thus reducing the probability not only of exposure to human-pathogenic zoonotic bacteria but also of exposure to AR commensal E. coli.
